Introduction
During the last decades the bi-directional DC/DC converters have become key components in alternative energy systems. The aim of such converters is to control the electric power flow between the sources and loads, keeping the output voltage on the required level. This paper proposes a novel bi-directional DC/DC converter topology that consists of the quazi-Z-source network, dual active bridge and a high frequency transformer. A possible application of such converter is the isolation stage of the new power electronic transformer (PET) topology where the power flow control capability between two different voltage buses and high efficiency are the major requirements [1] [2] [3] .In general, the power flow through the transformer can be controlled by means of voltage elevation on one side or by applying a phase shift control of the inverter bridges on both sides of the transformer. The phase shift control of DAB allows the zero voltage switching to be achieved, that results in reduced switching losses and higher efficiency. In addition, the voltage boost properties of the qZS network allows the voltage on the DC bus to be kept on the constant level that results in lower current stress on the switches. This paper analyzes the converter operation under such conditions when the power flow is controlled only by the phase shift technique. First the loss models are presented according to the waveforms and steady state analysis. Also the impact of the conduction losses of the components on the efficiency characteristics is presented. The obtained efficiency is verified experimentally.
Relationship to Internet of Things
Nowadays, the global power system can be described by steadily growing number of renewable energy resources and emerging DC loads on the residential level. Continuously developing semi-conductor technology and information internet has inspired the idea of the "Energy Internet" concept that may change energy industry from the centralized system to the client-based distributed infrastructure, improving this way the efficiency of the power grid through optimal management of the energy routers. Energy router, a PET-based device that exchanges the energy between the sources, storage devices, DC loads and end-users, is one of the most critical elements of the Energy Internet. The PET is expected to have a bi-directional power flow, high power conversion and power quality enhancement capabilities, plug and play interface and optimal energy management [4] . The paper contributes to the development of the energy router, by analyzing the suitable DC/DC converter for the power conversion.
Operating Principle of the Converter
The circuit of the proposed converter, including the conduction losses in the components is shown in Fig.1 .Following conduction losses are considered: the collector-toemitter voltage drop of the IGBT (U CE ), diode voltage drop (U D ) and the winding resistance of the inductors L 1 and L 2 (r L ). The converter can operate in both directions, in the forward and in the reverse operating mode. In the forward operating mode the energy is transferred from the HV side towards the LV side. The transistors T 5 …T 8 on the HV side and T 1 …T 4 on the LV side are switched in pairs using the positive phase shift angle φ. In the forward operating mode the diode Din the qZS network must be shunted with a switch S in order to allow the power flow to the LV side. In the reverse operating mode the energy is transferred from the LV side towards the HV side. The transistors T 1 …T 4 on the LV side and transistors T 5 …T 8 on the HV side are switched in pairs using the negative phase shift angle φ as shown in Fig.2a . The switch S must be in the opened state. The voltage on the LV side DC link can be elevated by the qZS network. Therefore a shoot-through switching state of the inverter switches is introduced, when both switches on one leg (or all 4 switches) conduct simultaneously [5] . During the shoot-through state the energy is stored in the inductors L 1 and L 2 and transferred to the DC link during the active state. The research in [6] stated that adding additional phase shift angle φ to the HV side bridge gate signals during the shootthrough state on LV side allows the power of the converter to be adjusted. Proposed technique is shown inFig.2b. Moreover, the additional phase shift can reduce the conduction losses in the transformer that are caused by the circulating current during the shoot through state of the low voltage side inverter (transformer is short circuited).Considering N TR as the transformer's turns ratio, the best performance of the phase shift control and the lowest current stress on the switches is achieved if the converter is designed according to the requirement 
Impact of the Component Losses on the Output Power
In order to facilitate the impact of the component losses on the output power of the qZS based DAB, the mathematical models were derived based on the steady state analysis of the qZS inverter [7] and DAB [8] . Selected circuit parameters are shown in Table 1 . 
Normal Mode
In the normal mode the voltage on the DC link is at the desired level and conventional phase-shift control method is used to transfer the power. The operating period T consist of the active state of the transformer and power transferred from the low voltage side to the high voltage side can be evaluated as follows ( ) ( )
where D φ is the phase shift duration, f S is the switching frequency and L TR is the leakage inductance of the medium frequency (MF) transformer.
Voltage Boost Mode
In the voltage boost mode the voltage on the DC link can be elevated to match the desired level. The operating period T of the MF transformer consists of an active state t A and a shoot through state t S that can also be represented with the duty cycles
A phase shift D φ is added to gate signals to adjust the power level of the converter as shown in Fig 2b. The power transferred from the LV side to the HV side can be evaluated as follows
In order to estimate the DC link voltage and thus the output and input power of the converter the equation system (5) can be composed based on the shoot-through (see Fig. 3a ) and active (see Fig. 3b ) switching states. 
Solving the equation system the DC link voltage can be obtained as follows
where the I TR is the average transformer current during half-period and it can be obtained from (4) and (5) As can be seen from (6) the impact of component losses on the U DC depends on the shoot-through duty cycle duration. According to (7) the transformer average current depends on the transferred power and is inversely proportional to the voltage value on the DC link and voltage drop of the IGBT.
Typicallya drawback of the DAB is the increase of the current stress due to the voltage variation on the DC buses, however the DAB extended with the additional qZS network allows the current stress on the switches to be reduced. The current stress on the switchesT 1 and T 5 , obtained with the simulation results for determined circuit parameters, is presented in Table 2 . According to the simulation results, the current stress on the LV side switches can be reduced from 29 A in case of the DAB to 22 A when the qZS-DAB operates in the voltage boost mode. Moreover, in the voltage boost mode the current on the HV side switches can be reduced from 3A to 0.5A that in turn results in smaller conduction and switching losses. 
Impact of the Component Losses on the Efficiency
In order to facilitate the influence of the component losses on the efficiency of the qZS based DAB the derived mathematical models were analyzed for different com-ponent values at varying phase shift duty cycles. The output and input power was estimated and the efficiency was obtained according to the following equation
The 
Experimental Results
The experimental results were carried out on the experimental prototype for the normal and voltage boost modes. The IGBT switches IRG7Ph42ud1pbf were used in the DAB. For the normal mode, the phase shift angle of φ = 10° was used. Fig. 7 . According to the parameters listed in Table 1 . and the dependency shown in chapter 5, the estimated efficiency of the converter in both modes is roughly 83 %. Measurements have shown 78 % efficiency of the converter with given parameters. Obviously the measured efficiency is lower since the switching losses and core losses were not taken into account in the analysis. Also on the background of the low input voltage the U CE has relatively bigger impact than for the higher voltages. 
Conclusion
The paper presented a loss analysis of the new qZS based DAB. The mathematical loss models of the converter were derived for normal operating mode, using conventional DAB control, and voltage boost mode, when the shoot-through switching state was used to step up the voltage on the DC link. The mathematical models were analyzed for different circuit parameters. The results have shown that U CE and U D have significant impact on the efficiency of the converter. For this reason the components with as low values should be selected, for example MOSFET switches if the converter operates with low voltage. Moreover, the simulation results verified the decrease of the current stress on the switches. The estimated efficiency for the selected circuit parameters was roughly 83%. The experimental results in the nominal operating point showed the 78% efficiency, which is smaller in comparison with obtained efficiency, since the analysis did not consider the switching and core losses.
